Fibrils and oligomers are the aggregated protein agents of neuronal dysfunction in ALS diseases. Whereas we now know much about fibril architecture, atomic structures of disease-related oligomers have eluded determination. Here, we determine the corkscrew-like structure of a cytotoxic segment of superoxide dismutase 1 (SOD1) in its oligomeric state. Mutations that prevent formation of this structure eliminate cytotoxicity of the segment in isolation as well as cytotoxicity of the ALS-linked mutants of SOD1 in primary motor neurons and in a Danio rerio (zebrafish) model of ALS. Cytotoxicity assays suggest that toxicity is a property of soluble oligomers, and not large insoluble aggregates. Our work adds to evidence that the toxic oligomeric entities in protein aggregation diseases contain antiparallel, out-of-register β-sheet structures and identifies a target for structurebased therapeutics in ALS.
Fibrils and oligomers are the aggregated protein agents of neuronal dysfunction in ALS diseases. Whereas we now know much about fibril architecture, atomic structures of disease-related oligomers have eluded determination. Here, we determine the corkscrew-like structure of a cytotoxic segment of superoxide dismutase 1 (SOD1) in its oligomeric state. Mutations that prevent formation of this structure eliminate cytotoxicity of the segment in isolation as well as cytotoxicity of the ALS-linked mutants of SOD1 in primary motor neurons and in a Danio rerio (zebrafish) model of ALS. Cytotoxicity assays suggest that toxicity is a property of soluble oligomers, and not large insoluble aggregates. Our work adds to evidence that the toxic oligomeric entities in protein aggregation diseases contain antiparallel, out-of-register β-sheet structures and identifies a target for structurebased therapeutics in ALS.
oligomer | SOD1 | ALS S ince Alzheimer's pioneering report in 1906 (1), fibrillar protein deposits have been linked to neurodegenerative diseases. More recently, this link has been challenged by findings that transient soluble oligomers formed by these proteins are cytotoxic (2, 3) . Whereas atomic-resolution structures of the spines of amyloid fibrils have shown tightly packed β-sheets with interdigitated side chains (4-6), atomic-level details of toxic oligomers remain elusive. Various reports suggest that toxic intermediates formed by amyloid-forming proteins consist of antiparallel β-sheet-rich structures (7) (8) (9) . These reports used chemical cross-linking, analytical size exclusion, EM, and FTIR, but no atomic structure of toxic amyloid oligomers has been reported.
ALS is a debilitating disease, destroying spinal motor neurons and often leading to death within a few years of symptom onset. More than 170 different mutations in superoxide dismutase 1 (SOD1), a metal-binding, homodimeric protein of 153 residues, are found in familial cases of ALS (10, 11) . Most of these SOD1 mutants show little change in enzymatic function, suggesting that toxicity derives not from a loss of native function but from a gain of toxic function (12) (13) (14) . Transgenic mouse models of the familial mutants show motor neuron degeneration and stain positive for SOD1-containing inclusions, suggesting that protein aggregation is a mode of toxicity (14) (15) (16) . Enrichment of oligomers has also been observed in cell culture and in transgenic mice (17) (18) (19) . However, a causal relationship between the appearance of aggregates and neuronal death has not been conclusively supported, and no atomic structure has been described for toxic oligomers of SOD1 or any other neurodegenerative disease-related protein.
Here, we propose a structure for toxic oligomers formed by SOD1.
Results
Crystal Structure of SOD1 Residues 28-38 Reveals an Antiparallel β-Sheet Oligomer. We identified residues 28-38 of SOD1 (with the sequence PVKVWGSIKGL) as having the potential to form a toxic amyloid oligomer based on mutational studies of others (19) (20) (21) (22) (23) and our own (discussed below) (SI Appendix, Figs. S1-S3). To increase solubility for crystallization, we engineered a single-residue substitution: P28K. Rod-like crystals measuring 5 μm in the shortest dimension appeared overnight, and upon further optimization, they diffracted X-rays to 2.0-Å resolution. We determined the phases by single isomorphous replacement with anomalous scattering using crystals soaked in potassium iodide (SI Appendix, Table S1 ).
The crystal structure shows a twisted β-sheet built of antiparallel, out-of-register β-strands. Describing its shape, we term it the "corkscrew" (Fig. 1A) . Each β-strand in the sheet contains eight residues, from Lys28 to Ile35. The three C-terminal residues, Lys36, Gly37, and Leu38, adopt a β-hairpin conformation, positioning the C-terminal carboxylate to hydrogen-bond with the N-terminal residue of an adjacent strand. The twist of the sheet is left-handed, as is commonly observed for β-sheets. The sheet undergoes a full turn every 16 strands, with a helical pitch of 71 Å corresponding to the unit cell "c" dimension. Unit cell repeats extend the corkscrew throughout the length of the crystal. Examination of Lys28 reveals that the P28K substitution made to facilitate crystallization affects only crystal lattice contacts (SI Appendix, Fig. S4 ), and suggests that the native sequence would adopt the corkscrew structure seen here. Indeed, SOD1 residues 28-38 assembled preferentially into a corkscrew in our molecular dynamics (MD) simulations ( Fig. 1F and SI Appendix, Fig. S5B ).
The corkscrew architecture differs markedly from amyloid fibrils. Sheets from adjacent corkscrews do not mate together tightly as
Significance
More than 170 mutations in superoxide dismutase 1 (SOD1) are linked to inherited forms of ALS, and aggregates of this protein are a pathological feature associated with this disease. Although it is accepted that SOD1 gains a toxic function in the disease state, a molecular understanding of the toxic species is lacking. Here, we identify a short segment of SOD1 that is both necessary and sufficient for toxicity to motor neurons. The crystal structure of the segment reveals an out-of-register β-sheet oligomer, providing a structural rationale for the toxic effects of mutant SOD1 in ALS. sheets do in amyloid fibrils, but instead contact weakly through polar and charged side chains scattered over the exterior of the corkscrew (Lys28, Lys30, Ser34, and Lys36), Trp32, and watermediated contacts. Hence, unlike amyloid fibrils, the corkscrew has no dry interface between sheets to stabilize its assembly. Instead, the corkscrew assembly is stabilized by weaker hydrophobic forces arising from the concave interior filled with aliphatic side chains of Val29, Val31, Ile35, and Leu38 ( Fig. 1A and SI Appendix, Fig. S3 ).
The absence of a stable, amyloid-like, dry sheet-sheet interface suggests that fragmentation of the corkscrew could be relatively facile and that its subsets of various sizes could fit the definition of soluble oligomers. Indeed, ion mobility MS experiments confirm that this SOD1 segment 28-38 forms low-molecular-weight oligomers in solution similar in cross-section to the crystal structure of the corkscrew (SI Appendix, Fig. S6 ), supporting our hypothesis that the corkscrew represents the structure of a soluble oligomer. Furthermore, the β-sheet-rich nature of the corkscrew is a property shared in common with other amyloid-related oligomers, such as α-synuclein, amyloid-β, and HET-s (8, 9, 24) . In fact, several amyloid oligomers have been reported to share antiparallel, outof-register β-strand architecture (24) (25) (26) .
The corkscrew shares several structural features with another soluble oligomer, cylindrin, from the nonpathogenic amyloidforming protein, αB-crystallin (27) . Both oligomers are composed of antiparallel β-strands, shifted out-of-register by two residues. Both sheets are highly curved, and opposite faces of the sheet display different sets of side chains not related by symmetry (28) . In both oligomers, individual strands hydrogen-bond to neighboring strands through alternating weak and strong interfaces (SI Appendix, Fig. S5A ). The strong interface of the corkscrew is composed of nine interchain hydrogen bonds, and the weak interface is composed of seven hydrogen bonds: one intramain chain and six intermain chain hydrogen bonds. The β-strands in both oligomers have similar values of buried surface area (984 Å 2 vs. 943 Å 2 ) and shape complementarity (0.79 vs. 0.74) (SI Appendix, Table S2 ). The primary difference between the two architectures is that cylindrin is a closed barrel of defined stoichiometry (six strands), whereas the corkscrew, although highly curved, is not entirely closed and is likely to exist in a range of oligomeric sizes.
The role of the corkscrew in ALS is supported by a model accommodating full-length SOD1. We modeled the remainder of SOD1 around the corkscrew scaffold, keeping the tertiary structure of SOD1 intact everywhere except near the corkscrew and avoiding steric conflict (Fig. 1B ). In our model, strands 2 and 3 detach from the native fold, exposing the corkscrew-forming residues 28-38. This local unfolding may be triggered by dissociation of the SOD1 dimer and metal depletion. Biochemical studies have noted that metal-depleted monomer is prevalent in patient tissues (29, 30) as well as in mouse models, and is an intermediate in the conversion of native holo-SOD1 to pathological aggregates (31). This model agrees with H/D exchange and with MD and MS studies showing that most familial SOD1 mutants have minimal change in their secondary structure and contain a partially unfolded β-barrel at physiological temperature with local unfolding in β-strand 3 (20, 31) .
We probed the role of the corkscrew in SOD1-associated cytotoxicity by introducing mutations to disrupt corkscrew architecture. The absence of a bulky side chain at position 33 appears essential to form the concave inner surface of the corkscrew (Fig. 1C) . Mutation of Gly33 to a larger residue, such as tryptophan (Fig. 1D) or valine, would introduce severe steric clashes with Val29 and Val31, destabilizing the corkscrew structure. Consistent with this observation, our all-atom MD simulations revealed that the corkscrew was less stable for W33 than for G33, regardless of whether the N terminus was proline or lysine ( Fig. 1E and SI Appendix, Fig. S4C ). Thus, if the corkscrew were a cytotoxic motif, we would expect G33 mutants to alleviate toxicity of SOD1 familial mutants.
Segment 28-38 Is Necessary and Sufficient for Toxicity. Corkscrewdisruptive mutations alleviated toxicity of segment 28-38. We assayed cytotoxicity by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction in embryonic stem-cell-derived motor neurons expressing GFP to facilitate visualization of neuron morphology (32) . The corkscrew-forming segment was aggregated, applied to motor neurons, and incubated overnight. We found that Unavoidable steric clash results from mutating Gly33 to tryptophan. (E) All-atom MD simulations of the corkscrew-forming segment suggest that introduction of the G33W substitution destabilizes the structure. Blue and red curves correspond to Cα rmsd from the corkscrew crystal structure in MD simulations of eight chains of the corkscrew segment (KVKVWGSIKGL) and G33W mutant segment (KVKVWWSIKGL), respectively. The structure of the corkscrew segment remained stable throughout the length of the simulation, whereas the G33W mutant deviated from the corkscrew structure. (F) SOD1 segment 28-38 preferentially assembled into a corkscrew-like structure in an MD simulation. MD simulations of weakly restrained monomers of SOD1 spontaneously assembled into a corkscrew-like structure. A snapshot of an assembled corkscrew-like structure from the MD simulations (green) is overlaid onto the crystal structure (blue). As a control, we found that monomers of the cylindrin-forming segment of αB-crystallin spontaneously assembled into a cylindrin structure using the same simulation protocol (additional simulation details are provided in SI Appendix, Fig. S5B ).
viability was reduced by 60% compared with buffer-treated cells at physiological concentrations of 8-100 μM in a dose-dependent manner ( Fig. 2A) . In contrast, neither the segment harboring the corkscrew-disruptive G33W mutation (Fig. 2B) nor the less bulky G33V mutant (Fig. 2B ) induced toxicity in cells at any concentration tested. The same trends were observed with the native 28-38 segment (P28) and the corresponding G33W and G33V mutations (SI Appendix, Fig. S7 ). Corkscrew-disruptive mutations also alleviated toxicity of fulllength SOD1 familial mutants A4V and G93A. These proteins were recombinantly expressed, purified, and aggregated by demetallation and agitation at 37°C for 12 h, which produced a mixture of fibrils and oligomers. Motor neurons were treated with aggregated proteins overnight and then assayed for cellular viability. A4V and G93A mutants were toxic to the cells at 8 μM, which looked drastically degenerated compared with buffer-treated cells (Fig. 2C ) and demonstrated reduced viability (Fig. 2D) . In contrast, A4V/ G33V, A4V/G33W, G93A/G33V, and G93A/G33W proteins were nontoxic at the same concentration, and cellular morphologies were indistinguishable from the cellular morphologies of the buffertreated cells. Together, these data suggest that the segment 28-38 is both necessary and sufficient for motor neuron toxicity.
Toxicity of Full-Length SOD1 Derives from Soluble Oligomers. We asked if toxicity of full-length SOD1 derives from soluble oligomers or insoluble fibrils. We tested the cytotoxic effects of the non-fibrilforming mutant (I104P) (33) . Even though it did not form any mature fibrils (Fig. 3A) , it was toxic to motor neurons, and addition of the corkscrew-disrupting substitution, G33W, alleviated the cytotoxicity (Fig. 3 B and C) . These results suggest that fibril formation is not essential for cytotoxicity.
To identify which species of SOD1 aggregate is toxic, we monitored the toxicity of various SOD1 mutants as their aggregates (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) harboring single-point substitutions at Gly33 (G33V and G33W) is nontoxic to motor neurons. All peptide segments were prepared identically, and motor neurons were treated with different final concentrations. The statistical significance of G33V and G33W mutants was compared with segment 28-38 by two-way ANOVA. (C) Hb9-GFP-labeled motor neurons treated with 8 μM aggregated full-length familial mutants (A4V and G93A) lose neurites, but the corresponding corkscrew-disrupting mutants (G93A/G33V, G93A/G33W, A4V/G33V, and A4V/G33W) are nontoxic and neurons look healthy. (Scale bars, 20 μm.) (D) Cell viability measured by an MTT reduction assay confirming that the familial mutants A4V and G93A are toxic and that substitution of Gly33 with valine or tryptophan renders the protein nontoxic. Results are shown as mean ± SD (n = 3). Symbols represent individual values of triplicates, and bars represent average values. Statistical significance was analyzed by one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). evolved over time. We found that both familial mutants (A4V and G93A) were toxic to cultured neurons when aggregated for 12-16 h but that extended aggregation for 72 h rendered the protein nontoxic ( Fig. 3 D and E) . A4V/G33W and G93A/G33W were nontoxic irrespective of the duration of aggregation. Negativestain EM showed abundant fibrils in the samples aggregated for 72 h (Fig. 3F) , and immunoblotting with the conformational oligomer-specific antibody (A11) suggested that samples aggregated for 72 h contained no oligomers (Fig. 3G) . These results suggest that toxicity of aggregated SOD1 mutants derives from oligomers. Whereas the relevance of our work to SOD1-related ALS seems clear, the relevance to non-SOD1-related ALS is less clear. A few reports suggest that wild-type SOD1 (WT) aggregates in sporadic ALS (34) (35) (36) analogous to mutant SOD1 aggregates in familial ALS; however, it is unknown if WT and mutant SOD1 aggregate by the same mechanism or have the same toxicity. We compared the aggregation and cytotoxic properties of WT and mutant SOD1. We used Thioflavin T, a dye that fluoresces upon binding to fibrils. We found that the fibril-forming behavior of WT, G93A, and G33W constructs was similar (SI Appendix, Fig. S8) . We then performed a motor neuron cytotoxicity assay with protein aggregates from several time points. WT or G93A protein samples that were allowed to aggregate for up to 12 h were toxic, whereas the same protein preparations that were aggregated for 16 h or longer exhibited no toxicity (SI Appendix, Fig. S8 A and B) . G33W, which cannot form the corkscrew, was nontoxic regardless of the extent of fibril formation (SI Appendix, Fig. S8C ). Although there is limited evidence of WT aggregation in non-SOD1-linked ALS cases, our results suggest that WT and mutant SOD1 share similar mechanisms of cytotoxicity that depend on self-assembly of residues 28-38; this exposure may be enhanced by structural perturbations induced by familial mutations.
Corkscrew Disruption Alleviates Defects in a Danio rerio (Zebrafish) ALS Model. To determine whether corkscrew-disrupting mutations alleviate axonopathies caused by familial SOD1 mutants in vivo, we conducted experiments using a zebrafish model of ALS (37) (38) (39) (40) . We expressed A4V SOD1 with and without the corkscrew-disrupting substitution at Gly33 in a zebrafish TDL6 line in which the primary motor neurons are labeled with GFP and the mitochondria are labeled with dsRed (41) . We analyzed the axons at 2 d postfertilization. The A4V mutation caused an 8% reduction in axon length (Fig. 4 A and B) , as has been previously shown (39) , but axon lengths of A4V/G33V-injected fish were significantly longer (Fig. 4 A and B) . Additionally, we observed that 30% of A4V-injected fish were severely deformed and could not be imaged, suggesting that an acute phenotype is lethal (SI Appendix, Fig. S9C ). In contrast, the WT and double-mutant-expressing fish did not display large mortality. We observed a similar phenotype upon expression of the G93A familial mutant; G93A-expressing zebrafish have 5% reduction in axon lengths, whereas axon lengths of G93A/ G33V-expressing zebrafish were significantly longer (Fig. 4 C and D) .
Defects in mitochondrial assembly and trafficking, along with vacuolation (42, 43) Symbols represent individual measurements for each group (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
in transgenic mice, patient-derived cells, and other models. However, they have not been reported in any zebrafish model of ALS thus far. Therefore, we analyzed the mitochondrial morphology upon expression of SOD1 familial mutants. Expression of A4V mutant protein caused remarkable mitochondrial pathology characterized by abnormal diffused clustering at the branch points indicative of defective mitochondria (Fig. 4E) , whereas A4V/G33V-expressing fish had a mitochondrial network similar to WT fish. These defects were quantified by measuring the size and fluorescence intensity of the mitochondria, confirming that A4V-expressing fish displayed enlarged mitochondria ( Fig. 4F and SI Appendix, Fig. S9 ), which were fewer in number ( Fig. 4G and SI Appendix, Fig. S9 ). We also observed similar defects in the G93A-expressing zebrafish (Fig. 4 H and I and SI Appendix, Fig. S9 ). Thus, disrupting the corkscrew segment alleviates ALS-linked axonopathies and mitochondrial defects in this in vivo model.
Discussion
Our experiments suggest that segment 28-38 of SOD1 is important for SOD1-mediated toxicity. The crystal structure of this segment revealed an oligomer composed of antiparallel, out-ofregister β-strands, which assemble into a corkscrew-like structure. The G33V and G33W point mutants, which were designed to disrupt the observed oligomer, alleviated toxicity of both the isolated peptide and full-length SOD1. In a zebrafish model of ALS, G33V prevented axonopathies and mitochondrial defects, two characteristic features of ALS-linked pathology. Taken together, these results suggest that the corkscrew structure is critical for SOD1-mediated cytotoxicity. The corkscrew structure explains its oligomeric state and suggests the identity of its potential interacting partners in the cell. The corkscrew is composed of a single twisted sheet rather than pairs of tightly mated sheets, as observed in 88 steric zipper structures published thus far. A clue about the identity of the corkscrew's interacting partners in the cell is offered by examining the functions of its structural homologs. A search for corkscrew homologs in the Protein Data Bank using the DALI server (47) yielded matches with other highly twisted β-sheet proteins, such as membrane receptor proteins, enzymes, and bactericidal-permeability increasing (BPI) protein (SI Appendix, Fig. S10 ). The twisted sheet seen in the crystal structure of BPI has been shown to bind lipids and destabilize membranes (48) . It is conceivable that the cleft seen in the corkscrew structure is important for cytotoxicity, potentially as a binding site for lipids. The cleft of corkscrew is accessible to lipids and small molecules. In contrast, cylindrin has no accessible cleft, which could explain its lower cytotoxicity relative to corkscrew.
Our results demonstrate that toxicity derives from the corkscrew oligomers rather than from fibrils (SI Appendix, Fig. S11 ). Previously, we have shown that out-of-register oligomers are likely offpathway from in-register fibril formation due to the large energetic cost of rearrangement of out-of-register oligomers into in-register fibrils (49) . Although we cannot ascertain whether the fibrils observed in our experiments are in-register, our results are consistent with this hypothesis. The corkscrew-disrupting mutations of G33V/ G33W attenuate cytotoxicity but do not attenuate fibril formation.
Cytotoxicity assays of the non-fibril-forming mutant (I104P) and the time-course assays with the familial mutants (A4V and G93A) suggest that toxicity is a property of soluble oligomers, and not of large insoluble fibrils. These findings for SOD1 align with the hypotheses proposed by others for amyloid-β and huntingtin that large insoluble aggregates are relatively inert deposits (50) (51) (52) (53) .
From a molecular perspective, it would be unlikely to find ALSlinked mutations in the 28-38 segment of SOD1, given its structural importance for mediating toxicity. Indeed, compared with other regions of SOD1, this segment contains few familial mutations, and no mutations are found in the core of this segment spanning residues 32-36 (19) . Notably, familial mutants, including G37R and the rare mutants V29A and V31A, are found near the ends of this segment. From our crystal structure, we infer that all these mutations are compatible with the corkscrew structure, although it is unclear if they actively promote oligomer assembly.
In summary, we have identified an 11-residue segment in ALSassociated SOD1 that is necessary for its cytotoxicity. Our data support the hypothesis that SOD1 forms toxic oligomers composed of antiparallel, out-of-register β-sheet structures involving residues 28-38. This cytotoxic segment may be a target for developing structure-based ALS therapeutics.
Materials and Methods
Crystals of SOD1(28-38) with P28K substitution were grown by hanging drop vapor diffusion using VDX plates (Hampton Research). Lyophilized peptide at 98% purity (Genscript, Inc.) was dissolved to 50 mg/mL in 50 mM Tris·base buffer. The reservoir solution contained 0.2 M sodium citrate (pH 5) and 13% PEG 6000. All SOD1 constructs were expressed recombinantly in Escherichia coli. Hb9:eGFP mouse embryonic stem cells were maintained and differentiated into motor neurons as previously described (32) . Aggregated protein preparations were added to cultured neurons at the given final concentration, and viability was measured by MTT reduction assay. Details are provided in SI Appendix, Materials and Methods.
All zebrafish (Danio rerio) were maintained in accordance with standard laboratory conditions (23) . The University of California, Los Angeles Chancellor's Animal Research Committee approved all experiments performed on zebrafish.
